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Abstract: 
The mechanical properties of recycled high density polyethylene (HDPE) 
reinforced by short glass fibers were investigated. The composites formed by an 
injection molding process were examined in terms of tensile strength, percent 
elongation, and hardness. Recycled HDPE was compared to virgin HDPE 
regarding the effects of fiber concentrations, types, sizes, and treatments. The 
addition of three coupling agents at different concentrations was investigated. 
The virgin HDPE composites slightly outperformed their recycled HDPE 
counterparts; having higher tensile strength and hardness, but were less ductile. 
Increase in fiber concentration generally increased the tensile strength and 
hardness, but the concentration of fibers was inversely related to the percent 
elongation. Owens Corning chopped fibers (20 wt.%) were the most beneficial, 
increasing the tensile strength by 30 % over the unreinforced plastic. 
The addition of Owens Corning chopped fibers produced less ductile, but 
stronger tensile specimens than composites incorporating Fibre Glast fibers. It 
was noted ocularly that the Owens Corning chopped fibers dispersed better 
throughout the specimen than the Fibre Glast fibers. Fiber size was also 
significant on the tensile strength, and percent elongation of the composites. The 
test results suggested that the Owens Corning chopped fibers were more effective 
in increasing the tensile strength and reducing the ductility than the shorter 
Owens Corning milled fibers. 
Two types of fiber treatment were examined. The first treatment involved 
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drying Owens Corning chopped fibers at 80 ° C (176 ° F) for 10 hours. Similarly 
the second type of treatment was to soak Owens Corning chopped fibers in 
acetone for one hour and then dry at 80 °C (176 °F) for 10 hours. The 
treatments decreased the tensile strength, and percent elongation, but increased 
the hardness. Furthermore, an investigation of drying the recycled HDPE at 65.6 
° C (150 ° F) prior to processing the composites was conducted; but no significant 
changes were obtained in this study. 
Fusabond brand coupling agent decreased the tensile strength and percent 
elongation for recycled HDPE reinforced with Owens Corning chopped fibers, but 
increased the strength and elongation for the composites incorporating Owens 
Corning milled fibers. The hardness of the composites with Owens Corning 
chopped and composites with Owens Corning milled fibers increased slightly. 
NZ 44 coupling agent was determined to significantly affect the tensile strength 
negatively, and LICA 38 coupling agent was determined to increase the ductility 
of the composites. NZ 44 and LICA 38 did not significantly affect the hardness of 
the composites. 
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CHAPTER I 
INTRODUCTION 
1 
The presence of materials that do not decompose rapidly in landfills is a 
primary concern for reducing solid waste to protect the environment and conserve 
natural resources. Twenty percent of landfill volume is occupied by plastic items 
used for short-life consumer goods, such as detergent bottles, milk jugs, soft-drink 
containers, and many other small miscellaneous items. Many of these items are 
made from high density polyethylene (HDPE). 
One effective way to reduce solid waste is to recycle materials from the 
solid waste and use the recycled materials to make new products. However, the 
deterioration of properties among recycled materials hinders the full effort of 
recycling. This research dealt with reinforcing the recycled HDPE with short glass 
fibers so that the performance of the recycled material can be enhanced. With 
the property improvement, the market for recycled materials can be expanded and 
the recycling effort promoted. 
1.1 Statement of the Problem 
Plastic materials have became widely used in society. According to a study 
released by Mastio & Company, the plastic blow molding market was expected to 
grow 10 % annually through 1998 (Gerloff, 1994). In addition, Mastio estimated 
that 66 % of the resins used in blow molding was high density polyethylene 
(HDPE). This fact suggested the growing amounts of HDPE products in society. 
2 
The wide use of disposable plastic items has placed a burden on the 
drastically decreasing landfill space. It is estimated that plastic packaging 
occupies about 20 % of landfill volume (Martino, 1990). HDPE is a significant 
contributor to the landfill crisis and an effective recycling effort would help to 
reduce the solid waste flow to landfills. However, the properties of many 
recycled polymers deteriorate after recycling due to contamination and 
degradation. Effective ways of improving materials properties of recycled plastics 
are in demand. 
1.2 Si1miticance of the Problem 
The objective of this research is to explore ways of reinforcing recycled 
high density polyethylene (HDPE) so that the applications of the recycled 
materials can be expanded. The property improvement of recycled plastics will 
help plastic industries make full use of the recycled materials. Extensive and 
effective uses of recycled materials in industry will promote the demand of 
recycled plastics. Therefore, an effective recycling program can be economically 
self-supported in various communities so that the solid waste flow can be reduced. 
With the effective reduction of solid waste, our living environment can be 
protected and our limited natural resources can be conserved. 
3 
1.3 Definitions 
The following definitions will be used in this document. 
1. HDPE (high density polyethylene) -- A thermoplastic resin, which is obtained 
by polymerizing the gas ethylene and has a specific density of .95 - .96 (Martino, 
1990). 
2. Tensile Strength -- Resistance of an attempt to pull it apart in the direction of 
its axis. 
3. Recycled Resin -- Resin composed of 100 % post-consumer items such as milk 
jugs, detergent bottles, medicine bottles, etc. 
4. Virgin Resin -- Resin that has not been subject to use or processing other than 
that required for its synthesis. 
5. Composite Material -- A material formed as a whole by placing together 
different constituents as matrix and reinforcements. 
6. Young's Modulus -- Measure of the resistance of a solid to a change in its 
dimension, in elastic range. 
tensile stress E = = tensile strain 
where F = force, Ao = original area, aL = change in length, and ~ = original 
length (Serway, 1986). 
7. Coupling Agent -- A substance that improves the adhesion of dissimilar 
surfaces by acting as molecular bridges at the interface between an inorganic filler 
and an organic polymer matrix (Mark, Bikales, Overberger, Menges, and 
Kroshcwits, 1985). 
L 
8. Melt Index -- The amount of a thermoplastic resin that can be forced through 
a 0.0825 inch orifice when subjected to 2160 grams force in 10 minutes at 
190 ° C (DuBois, 1974). 
9. Homopolymer -- A polymer without additives and without blends of other 
polymers (Budinski, 1989). 
10. Crystallinity -- A state of molecular structure in some resins which denotes 
uniformity and compactness of the molecular chains forming the polymer, which 
can be attributed to the formation of solid crystals having a definite geometric 
form (DuBois, 1974). 
11. Cross-Link -- Chemical links between the molecular chains. 
12. Aspect Ratio -- The ratio of length to diameter, for reinforcement such as 
fibers. 
1.4 Assumptions 
1. All processing and testing parameters was constant for each specimen 
produced and tested except the variable investigated. 
2. Specimen composition was the same for all of the specimens produced and 
tested except the variable investigated. 
3. Reinforcement results in superior mechanical properties. 
4. The addition of a coupling agents improve the mechanical properties of 
reinforced polymers. 
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1.5 Limitations 
1. The processing method had a limited capability of controlling process 
variables. 
2. Accuracy of volume of materials was influenced by human error and the 
effectiveness of the equipment. 
3. The materials were subject to a quality level established by the manufacturer. 
4. The accuracy of the test results was influenced by human error and the 
effectiveness of the testing equipment. 
1.6 Delimitations 
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1. Only virgin/recycled high density polyethylene (HDPE) reinforced with varying 
amounts (0, 5, 10, 15, and 20 wt.%) of short glass fibers was studied. 
2. The processing and testing equipment was limited to those available at Eastern 
Illinois University. 
1. 7 Hypothesis 
Reinforcing recycled high density polyethylene (HDPE) with short glass 
fibers will improve the mechanical properties (tensile strength, percent elongation, 
and hardness) of the recycled material. The addition of coupling agents, 
treatment of reinforcement and resin will also improve the mechanical properties 
of the composites. The validity of the hypothesis will be tested by an analysis of 
variance at the 90 % confidence level. 
CHAPTER II 
REVIEW OF RELATED RESEARCH 
This chapter reviews some previous research on recycled polymers and 
reinforced polymers. No previous research incorporating recycled high density 
polyethylene (HDPE) reinforced with short glass fibers has been found in the 
search for similar studies. The review of related research will give a better 
understanding of the research conducted for this thesis. 
2.1 Recycled HDPE 
Pattanakul, Selke, Lai, and Miltz (1991) studied the physical properties of 
virgin HDPE and compared them with virgin HDPE mixed with recycled HDPE 
from milk bottles, varying the amounts from 10 to 100 %. Pattanakul et al. 
gathered that the properties of recycled high density polyethylene (HDPE) were 
not largely different from virgin HDPE. 
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Pattanakul et al. tested the Young's modulus, tensile strength, and percent 
elongation of specimens created by a compression molding process. The results 
obtained by this group were favorable for recycled HDPE. The Young's modulus 
and tensile strength increased slightly for the compositions with higher amounts of 
recycled HDPE. An explanation as," ... during reprocessing degradation and 
cross-linking reactions may occur simultaneously, i.e., some molecules degrade 
while others improve." 
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2.2 Fiber Reinforcement/Fiber Treatment 
Yam, Gogoi, Lai, and Selke (1990) studied composites of recycled high 
density polyethylene (HDPE) reinforced with wood fibers. They stated that the 
development of composites consisting of wood fibers and recycled plastics offered 
not only an opportunity to utilize an abundant natural resource but also a means 
to alleviate the serious plastics disposal problem. 
Yam et al. (1990) studied the effects of fiber pre-treatment, screw 
configuration, and compounding temperature on tensile, impact, and flexural 
strengths. A co-rotating intermeshing twin-screw extruder was used to process the 
test specimens. An interesting note made by Yam was that as fiber content 
increased the tensile strength of the composite decreased. In addition, Yam noted 
that the flexural yield strength first decreased and reached a minimum, then 
increased and finally decreased again as the fiber content increased. It was 
concluded that a critical fiber content was required before reinforcement may be 
attained. Dispersion of fibers was a major factor in the experimental work. 
Furthermore, the mechanical properties were sensitive to screw configuration and 
compounding temperature. Mechanical degrading of fibers (reduction in fiber 
length) was susceptible to changes in screw configuration. 
Chtourou, Reidl, and Ait-Kadi (1992) reinforced 95 % polyethylene and 
5 % polypropylene with 30 % wood fibers and obtained outstanding results. This 
composite multiplied the Young's modulus by over twice that of specimens not 
reinforced. 
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Chtourou et al. (1992) used 45 % Spruce , 45 % Fur, and 10 % Popular 
wood fiber to reinforce the matrix material. The wood fibers were pre-dried in a 
vacuum oven for 24 hours at 80 °C (176 °F). The specimens were created 
through a thorough mixing process and then formed by an injection molding 
machine. The researchers noted an improvement in the mechanical properties of 
the specimens, but water adsorption by the fibers was also noted, which decreased 
the Young's moduli and the strength at yield. The decrease in Young's moduli 
was reduced by nearly 50 % after treating the fibers with either acetic anhydride 
or with phenol-formaldehyde. 
Moon, Lee, and Cho (1992) examined the effect of diameter and surface 
treatment of fiber on interfacial shear strength in glass fiber/ epoxy and 
fiber/HDPE composites. They utilized a fiber pullout test and examined 
interfacial microstructure to study fiber diameter and surface treatment. The 
pullout test measured the interfacial shear strength between matrix and surface-
treated fiber by applying a load to a fiber embedded in a resin matrix. The 
interfacial microstructure was examined by using a cross-polar optical microscope. 
Three different types of surface treatment on glass fibers were investigated 
by Moon et al. The first were as-received fibers coated with a silane type 
coupling agent. The second type of fibers examined were soaked in acetone for 
one hour at room temperature and then dried in a vacuum oven at 80 ° C (176 
° F) for three hours. The third type of fibers were treated as the second and 
further treated with 0.5 wt.% toluene solution of HDPE for one second, then 
dried at 120 ° C (248 ° F) in a vacuum oven. 
Moon et al. (1992) noted that there were two different factors responsible 
for the interfacial strength of composites. The physical and chemical bonding 
force, and the frictional force. The first force, chemical and physical bonding, is 
dependant mainly upon the type of fiber surface treatment, and the frictional 
force largely on fiber diameter. They noted a trend illustrating that the fibers 
treated with a silane type coupling agent had the highest interfacial strength 
followed by the fibers treated with 0.5 wt.% toluene solution of HDPE and fibers 
soaked in acetone, respectively. 
2.3 Fiber Size 
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Short fibers have been reported to be useful for increasing the mechanical 
properties of composites by supporting the load placed on the composite. Short 
fibers embedded in a matrix, and parallel to the load being applied may not be 
long enough to completely accept the applied load, but the interfacial shear 
strength between fiber and matrix transfers part of the load from the matrix to the 
fiber (Folkes, 1982). An increase in interfacial shear strength helps to increase 
the properties of short fiber reinforced composites. In addition, it was noted that 
the length of the fiber must be sufficient in length to provide a desirable shear 
strength (Folkes, 1982). 
Moon et al. (1992) examined the effect of fiber diameter on interfacial 
shear strength in glass fiber/epoxy composites and fiber/HDPE composites. 
Fiber diameters of 9.6 µm, 12.1 µm, and 19.5 µm were used. The researchers 
observed that the smaller diameter fiber illustrated a larger interfacial shear 
strength. 
2.4 Other Relevant Research 
10 
Reinforced plastics have become an alternative to metals for many 
applications. Glass fibers are the most widely used as a productive means of 
reinforcing plastics. Short glass fibers demonstrate excellent strength and effective 
load transfer via matrix materials to the fibers. Fiber reinforced plastics have 
good corrosion resistance and excellent strength-to-weight ratio. In addition, 
these materials can be produced using mass production techniques like injection 
and compression molding (Konicek, 1987). 
According to Richardson (1989), there are six general variables that 
influence the properties of reinforced composite materials, i.e., 
1. Interface bond between matrix and reinforcements. 
2. Properties of the reinforcement. 
3. Size and shape of the reinforcement. 
4. Percent of the reinforcement. 
5. Processing technique. 
6. Alignment or distribution of the reinforcement. 
The purpose of this research was to study the effects of the addition of 
short glass fibers on the mechanical properties of recycled HDPE. This research 
examined the effects of short glass fiber size, type, concentration, treatment, 
coupling agent, and processing parameters on the mechanical properties of 
recycled and virgin HDPE. The properties studied included the tensile strength, 
percent elongation, and hardness of various compositions. 
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3.1 Materials 
3.1.1 Matrix 
CHAPTER III 
METHODOLOGY 
The matrix used in this research was obtained from Quantum Chemical 
Company. The virgin resin was high density polyethylene (HDPE) Petrothene 
12 
LM 6007-00, and the recycled resin was Ecothene EC 101, a 100 % post-consumer 
HDPE homopolymer. Both HDPE types were obtained in pellet form of 3.125 
mm (0.123 in) in diameter, and have a specific density of 0.96+. 
HDPE is a thermoplastic resin, which is obtained by polymerizing the gas 
ethylene (Martino, 1990). HDPE has a semi-crystalline structure with a basic 
monomer structure of ethylene, a carbon-to-carbon double bond (H2C = CH2) 
(Budinski, 1989). The larger the molecules (long chains), the tougher the 
material. Conversely the short simple chains produce a waxy material (DuBois, 
1974). HDPE has linear or close fitting chains and low density polyethylene 
(LDPE) has branched or widely spaced chains. The shape and structure of the 
molecules directly affects the melt index and other physical properties. For 
example, the lower the melt index, the higher the physical properties (stiffness, 
tensile strength, hardness, etc.) (DuBios, 1974). The melt index of the virgin and 
recycled HDPE was .70 and .60 g/cm3, respectively. 
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3.1.2 Reinforcement 
Three different fibers were used as the reinforcing material: Fibre Glast 
fibers (FG) Plast #30, Owens Corning chopped (OCc) fibers 415 CA, and Owens 
Corning milled (OCm) fibers 731 EC. All these fibers were "E" glass type. FG 
and OCc fibers were obtained with the individual fibers strands bundled together 
and the OCm fibers were obtained as individual fiber strands. Table 1 display the 
properties of "E" glass type fibers. 
Table 1. Properties of "E" glass. 
Properties E glass 
Density g/ cm3 2.54 
Modulus of Elasticity 73,000 
MP a 
Note. From Plastics Additives (p. 412) R Glichter, and H. Miiller (Eds.) 1985, Munich Vienna 
New York: Hanser Publishers. 
Various fiber sizes were incorporated. The diameter of the fibers was 
obtained in two ways; from manufacturer's specifications as well as measurement 
from the image analysis system. The optical microscope used was unable to 
encompass the entire length of the fibers, therefore the image analysis system was 
not able to calculate the length of the fibers. The measured diameter represents 
the diameter of the individual fibers rather than the groups or bundles of fibers. 
Table 2 illustrates the dimensions of the various short glass fibers. 
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Table 2. Dimensions of various short glass fibers. 
Dimensions Fibre Glast Owens Corning Owens Corning 
chopped milled 
Length 
Specified by the 6.35 mm 4.7625 mm 0.79375 mm 
Manufacturer 
Diameter 
Specified by the ------ 16.5 µm 15.8 µm 
Manufacturer 
Aspect Ratio ------ 288:1 50:1 
Diameter 10.38 µm 13.80 µm 16.57 µm 
(Measured) 
Aspect Ratio 610:1 345:1 47.9:1 
(Measured) 
3.1.3 Coupling agent 
Some tested specimens were modified by adding coupling agents. 
Fusabond brand adhesive resin (MB-110D) was one of the coupling agents used 
for this purpose. Fusabond has a matrix of low density polyethylene with a melt 
index of 40, and active ingredient of maleic anhydride. Fusabond, produced by 
DuPont Chemical Company, was designed to promote wetting and adhesion 
between the HDPE and glass fibers. As suggested by the manufacturer, Fusabond 
was dried overnight at 110 ° C (230 ° F) in an environmental chamber before use. 
This step was recommended to ensure anhydride functionality. Several different 
volumes 0.4, 1, 3, 4, 5, and 6 wt.% of this agent were used for testing. 
Another coupling agent, LICA 38 in liquid form, from Kenrich 
Petrochemical, Inc. was also used in this research. It has the chemical description 
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of neoalkoxy, tri(dioctylpyrophosphato) titanate (titanium IV neoalkanolato, 
tris( dioctyl)pyrophosphato-0). This coupling agent was designed primarily to 
promote conductivity in polymers containing carbon black as the filler material, 
but was also noted as useful for carbon fiber, glass, and other organics. LICA 38 
was also noted to increase tensile strength and elongation. 
The third coupling agent used in this work was also obtained from Kenrich 
Petrochemical Inc. This coupling agent, NZ 44 (liquid form), was specified by the 
manufacturer as a coupling agent used for polymers filled with glass or silicates 
and designed to improve the mechanical properties of the composite. NZ 44's 
chemical description is zirconium IV neoalkanolato, tris(2-ethylene-diamino-O) 
ethanolato-0. This compound is an effective coupling agent because it has 
electron sharing capabilities. The zirconium based coupling agent provides some 
benefits when compared to titanates and silanes type coupling agents. For 
example, discoloration or chemical interactions with other materials may be less 
likely with zirconates. 
3.2 Processing 
3.2.1 Preparation 
The first step of processing was to thoroughly mix the high density 
polyethylene (HDPE), with short glass fibers. The mixture without a coupling 
agent was created by placing the proper portions of the resin and fibers into a 
plastic bag. The fibers were placed in the plastic bag avoiding contact with 
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unclean surfaces to eliminate any possible contamination by dirt, oil, or water. 
Then bag was shaken vigorously for two minutes to mix the materials thoroughly. 
The Fusabond coupling agent was obtained in pellet form, approximately 
3.3 mm (0.130 in) in diameter. This coupling agent was added by placing the 
proper proportions of matrix, reinforcement, and coupling agent into a plastic bag 
and then by shaking the bag until the fibers and coupling agent were uniformly 
dispersed. 
Isopropyl alcohol was used as a solvent for liquid Kenrich coupling agent 
LICA 38 and NZ 44. The coupling agent was dispersed into the solvent 
determined by a solvent to filler weight ratio of 3:1. Then the filler was allowed 
to soak in the solution overnight. The filler was rinsed with isopropyl alcohol to 
remove any excess titanate or zirconium. Finally, the filler was dried at 65.6 ° C 
(150 ° F) for 90 minutes to remove the solvent. The treated fibers were then 
placed in a plastic bag with the resin and shaken vigorously for two minutes. 
3.2.2 Fiber treatment 
Two different treatment methods were tested. First, Owens Corning 
chopped (OCc) fibers were dried at 80 °C (176 °F) for 10 hours. Second, OCc 
fibers were soaked in acetone for one hour and then dried at 80 ° C ( 17 6 ° F) for 
10 hours. Immediately after drying the mixtures were processed. 
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3.2.3 Resin treatment 
It has been noted that polymers have water absorption capabilities. Water 
is a major inhibitor of competent adhesion between the matrix and reinforcement. 
One batch of HDPE pellets was dried overnight at 65.6 ° C (150 ° F), to 
investigate the effect of normal moisture absorption. Immediately after drying, 
the HDPE was carefully mixed with 10 wt.% Owens Corning chopped (OCc) 
fibers and processed as usual. 
3.3 Processin2 Equipment 
A "Di-Aero" injection molding machine was used to form the test 
specimens. The injection molding machine resolves around the concept that a 
thermoplastic material can be softened when heated and forced into a mold, 
where the plastic then cools and hardens to retain an accurately reproduced shape 
of the mold cavity (Rubin, 1972). 
The following molding parameters and procedures for the Di-Aero 
injection molding machine were observed. The temperature of the heating 
compartment of the injection molder was controlled to 260 °C (500 °F). The 
mold itself was preheated to help promote adequate filling of the composite flow 
into the mold. The temperature of the mold was approximately 93 ° C (200 ° F). 
In addition, the pressure of the ram-type cylinder was set at 0.69 MPa (100 psi). 
The mixture was fed into the hopper of the machine and remained in the 
hopper for five minutes allowing the resin to fully preheated. Then an adequate 
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portion of the composite mixture was forced through the machine to fully purge 
the equipment of any resins used previously. A dog-bone shaped mold cavity was 
coated with a silicone mold release ( # 505 distributed by Sherwin Williams). The 
composite material was injected from the barrel through a nozzle into the mold 
cavity until resin started to seep from the top of the mold. The mold remained 
closed for 20 seconds before the specimen was removed. Upon being removed 
from the mold, the specimen was immediately placed into cool water for three to 
five minutes in order to minimize shrinking. 
3.4 Specimen 
Approximately 24 hours after the specimen was molded, a milling machine 
with 15.9 mm (0.625 in) cutter was used to machine the specimen to the 
dimension. Figure 1 shows a diagram of the specimen. 
I• 4" 
t 101.6 mm 0.5 .. 
1 " 12.7 mm 
25.4mj 
I• 2" •I 
50.8 mm 
*Thickness 0.1965 "(5.00 mm) 
Figure 1. Dimensions of test specimens. 
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3.5 MorpholoKical Observation 
The morphology, or microstructure, of the composites was examined using 
an optical microscope. An examination of fiber distribution in the composite was 
performed for each fiber type, using a Buehler Versamet 3 optical microscope at 
various magnifications. A Sony color video camera (DXC-151A) was interfaced 
with an IBM 466DX2/T computer using an Image Pro Plus image analysis system 
software. 
The specimens were polished on an inclined bench loaded with four grades 
of wet-and-dry silicon carbide papers. The grades were 240, 320, 400, and 600 
grit. The coarsest grade 240 grit was used first primarily to expose the full surface 
of the specimen. The surface desired to be viewed was rotated 90 ° between 
strokes on the sand paper. On the final stage the pressure on the specimen was 
reduced for each stroke. Finally the specimen was polished on a machine that 
utilized a slurry of Al20 3 abrasive powder and water on a rotating cloth (Hemsley, 
1989). The pressure on the specimen was mild and the specimen was turned 
regularly as the plate rotated. The sample was washed, dried, and inspected 
regularly until satisfactory finishing was obtained. 
Specimens were examined on the microscope with various magnifications. 
The microscope has objective lenses of 5X, lOX, 20X, SOX, and lOOX, with an 
eyepiece magnification of lOX. Image Pro Plus enhanced the images further for 
printing by 164 or 205 %. 
In addition to microscopy work, naked-eye inspection of fiber distribution, 
orientation, and other features were conducted. This inspection was conducted 
for each type of fiber used to present an insight into the matrix/reinforcement 
arrangement in the composite. Furthermore, notations regarding the color of 
virgin and recycled high density polyethylene (HDPE) were made. 
3.6 Tensile Test 
A universal testing machine (SATEC) was used to determine the tensile 
strength and percent elongation of the specimens. ASTM D 638M-89 was 
followed for the tensile testing procedures for all test specimens. 
The SATEC machine operates by applying a load to the specimen in the 
axis until the specimen is broken. The percent elongation of the specimen was 
determined by measuring the initial and final length of the specimen. 
3. 7 Shore D Durometer Hardness Test 
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A type D Shore Durometer hardness tester was used to measure the 
hardness of the specimens. The Durometer used a type D indentor that was 
forced into the specimen under a load of 5 kg. The hardness, inversely related to 
the penetration of the indentor, was indicated by the type D indentor. ASTM D 
2240-91 was followed for the procedures of the Shore D Durometer hardness 
tests. Five hardness values were recorded for each specimen. The two extreme 
values (low and high) of the five were deleted and the remaining three were 
averaged. 
L__ 
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3.8 Analysis of Data 
An analysis of the variance (ANOVA) was performed on the data obtained 
to determine if the effect studied was significant. Analysis of variance is a 
practical method used to determine whether the means (averages) of more than 
two samples are too dissimilar to attribute to sampling error (Best and Kahn, 
1989). Statistical analysis software (SAS) at a confidence level of 90 % was used. 
General linear model ( GLM) procedure was used in SAS. A small routine was 
programmed into the computer commanding it to analyze the variance of the 
data. 
CHAPTER IV 
PRESENTATION AND INTERPRETATION OF DATA 
4.1 Ocular Inspection 
Naked-eye inspection was conducted regarding fiber orientation, 
distribution, uniformity of distribution, and the color of the resin. Composites 
consisting of various concentrations of each fiber type were examined. 
4.1.1 Fibre Glast !FG) fibers 
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Several interesting characteristics were noted from naked-eye inspection of 
specimens reinforced with Fibre Glast (FG) fibers. First, many FG fibers 
seemed to "curl" or become semicircular in shape due to processing. Second, 
these fibers appeared to group together during processing. Some fibers were 
randomly distributed, but many of the fibers within a specimen were extremely 
close to other fibers. Third, it was observed that the fibers were very randomly 
oriented though some axial orientation was noted. 
4.1.2 Owens Cornin2 chopped !OCc) fibers 
Three observations were made from the naked-eye inspection of specimens 
reinforced with Owens Corning chopped (OCc) fibers. First, the fiber bundles 
were distributed fairly evenly throughout the specimens although several areas of 
large concentrations of fibers were noted. Second, the fibers appeared to remain 
firmly together in bundles as obtained from the manufacturer. Third, the fibers 
generally tended to align themselves lengthwise with the length axis of the 
specimen, especially within the reduced section of the tensile specimen. 
4.1.3 Owens Cornin2 milled (OCm) fibers 
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Naked-eye inspection of specimens reinforced with Owens Corning milled 
fibers (OCm) resulted with some interesting observations. First, the distribution 
of the OCm fibers was irregular. Individual fibers were closely displaced to other 
fibers, although the concentration of fibers throughout the specimen was random. 
The fibers, although at times grouped together, were generally aligned with the 
axis of the specimen. 
4.1.4 Vir2in HDPE versus recycled HDPE 
There was a notable difference between the color of the two resin types. 
The virgin high density polyethylene (HDPE) composites were milky-white, 
whereas the recycled HDPE composites were smoky and light brownish-gray. 
4.2 Microscopic Inspection 
Figure 2 (a) and (b) depict the longitudinal section micrographs of the high 
density polyethylene (HDPE) composite reinforced with 20 wt.% Fiber Glast 
(FG) fibers and Owens Corning chopped (OCc) fibers, respectively. It was seen 
from the micrographs that both FG fibers and OCc fibers dispersed poorly, i.e., 
the fiber remained as bundles in the matrix. This type of fiber distribution is not 
Fig. 2(a) 
Fig. 2(b) 
Fig. 2(c) 
Figure 2. (a) Recycled HDPE reinforced with 20 wt.% FG fibers; (b) 
recycled HDPE reinforced with 20 wt.% OCc fibers; and (c) recycled 
HDPE reinforced with 20 wt.% OCm fibers. (Magnification 164X). 
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desirable for the composite because the bundled fibers can not have good 
interfacial contact to form good bonds with the surrounding matrix. Figure 2 (c) 
shows a micrograph of a longitudinal section of HDPE reinforced with 20 wt.% 
Owens Corning milled (OCm) fibers. The shorter fibers (OCm) generally 
assumed a uniaxial direction and dispersed more uniformly. 
Figure 3 displays a micrograph of transverse section of HDPE reinforced 
with 20 wt.% OCc fibers. In some areas the fibers were very concentrated and in 
other rare. This observation agrees with the fact found by naked-eye inspection. 
4.3 Effect of Fiber Concentration on Mechanical Properties 
4.3.1 Effect of fiber concentration on tensile stren2f:h 
Figure 4 displays the tensile strength of composites of virgin and recycled 
high density polyethylene (HDPE) reinforced with Owens Corning chopped (OCc) 
or Fibre Glast (FG) fibers at various concentrations. The virgin HDPE 
composites reinforced with FG fibers experienced a peak in tensile strength at the 
10 wt.% fiber concentration and then the tensile strength declined with further 
increase in fiber content. The addition of FG fibers to recycled HDPE slightly 
decreased the tensile strength for the composites at 5 and 10 wt.%. The addition 
of 20 wt.% FG fibers to the 
recycled HDPE increased the tensile strength over the unreinforced recycled 
HDPE specimens. The addition of 10 and 20 wt.% of OCc fiber reinforcement to 
recycled HDPE improved the tensile strength. The composites reinforced with 
Figure 3. Micrograph of transverse section of recycled HDPE reinforced 
with 20 wt.% OCc fibers. (Mag. 102.SX) 
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Figure 4. Variation of tensile strength with fiber concentration for 
HDPE composites reinforced with reinforced FG or OCc fibers. 
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20 wt.% OCc fibers increased the tensile strength by over 30 % that of the 
umeinforced HDPE. 
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Single factor analysis of variance (ANOV A) was performed on the data 
presented in Figure 4. A confidence level of 90 % was used to evaluate the effect 
of fiber concentration on the tensile strength of the composites. The F 
statistics for virgin HDPE with FG fibers are as follows. 
FV-FG = 2.26 
Since Fv-FG = 2.26 < F 11 = 2.92, the effect of fiber concentration on tensile 
strength of virgin-PG composites was not significant at a 90 % confidence level. 
Similarly, the tensile strength for the recycled-PG composites was not significantly 
affected by the fiber concentration, but the tensile strength for recycled-OCc 
composites was determined to be significantly affected by the fiber percentage. 
The effect of fiber concentration on tensile strength was dependent upon 
matrix type and the type of fiber used. Nonetheless, the addition of OCc fibers 
improved the tensile strength of recycled HDPE. 
4.3.2 Effect of fiber concentration on percent elona=ation 
Figure 5 illustrates the variation of percent elongation with fiber 
concentration for composites of virgin and recycled HDPE reinforced with FG or 
OCc glass fibers. As the fiber concentration increased the elongation of the 
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Figure 5. Variation of percent elongation with fiber concentration for 
HDPE composites reinforced with FG or OCc fibers. 
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specimens decreased. The percent elongation of the composites decreased 
dramatically as the fiber concentration increased to 10 wt.%, for both fiber types. 
The rate of decrease in percent elongation was reduced upon further increase in 
fiber content. 
ANOVA was performed for the percent elongation data gathered and 
determined that the effect of fiber concentration on the percent elongation for 
each of the composites (virgin-FG, recycled-PG, and recycled-OCc) was 
significant. The percent elongation of the composites of virgin and recycled 
HDPE were very similar. The trends in percent elongation implied that the 
elongation or ductility of the composite decreased as the fiber concentration 
increased, for both matrix types and both fiber types. In other words, the 
composite became more rigid as the fiber content increased. 
4.3.3 Effect of fiber concentration on hardness 
Figure 6 illustrates the variation of the Shore D Durometer hardness for 
the HDPE composites with various fiber concentrations. Only one data point was 
gathered for the virgin HDPE reinforced with FG fibers. The virgin HDPE 
exhibited a Shore D Durometer hardness of 64.7, whereas the recycled HDPE had 
a Durometer hardness of 61.8. The hardness of the recycled HDPE reinforced 
with FG and OCc fibers increased with an addition of fibers. 
The ANOVA determined that the effects of fiber concentration on the 
Shore D Durometer hardness for each of the recycled-PG and recycled-OCc 
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Figure 6. Variation of Shore D Durometer hardness of HDPE 
composites reinforced with FG or OCc fibers. 
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composites were significant. The hardness tests seemed to demonstrate a basic 
trend that an increase in fiber content generally increased the hardness. 
4.4 Effect of Matrix Type on Mechanical Properties 
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The physical properties of recycled HDPE and virgin HDPE composites 
were compared. Specimens of virgin and recycled HDPE were created with 
various volumes of Fibre Glast (FG) fibers. The concentration of reinforcement 
used was 0, 5, 10, 15, and 20 wt.%. 
4.4.1 Effect of matrix type on tensile strength 
Tensile tests on both virgin and recycled HDPE composites reinforced with 
FG fibers were conducted. The tensile strength of virgin HDPE reinforced with 
FG fibers and recycled HDPE reinforced with FG fibers is shown in Figure 4. 
The tensile strength results developed a trend showing that addition of 0 and 
20 wt.% FG fibers produced very similar tensile strengths for both virgin and 
recycled resin types. However, the tensile strength of virgin and recycled HDPE 
with fiber reinforcement of 5 - 15 wt.% FG fibers produced contrasting results. 
The composites of virgin HDPE reinforced with 10 and 15 wt.% demonstrated an 
increase in the tensile strength by as much as 20 %, but tensile strength of the 
recycled HDPE composites decreased at the 5 and 10 wt.% fiber concentrations. 
ANOVA determined the effect of matrix type had a significant effect on 
the tensile strength. Recycled HDPE reinforced with various concentrations of 
FG fibers exhibited a different trend in tensile strength than the virgin HDPE 
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counterpart. The virgin HDPE reinforced with FG fibers generally outperformed 
the recycled HDPE composites. The type of HDPE (virgin or recycled) was 
significant in governing the mechanical properties of the composites. 
4.4.2. Effect of matrix type on percent elongation 
Figure 5 shows the percent elongation of virgin HDPE and recycled HDPE 
reinforced with FG fibers. The elongation was larger for the recycled HDPE 
composites, although the trends and values obtained were very similar for both 
groups. Recycled HDPE composites reinforced with 0, 10, and 20 wt.% FG fibers 
elongated more than the virgin counterparts. The recycled HDPE composites 
reinforced with 10 wt.% FG fibers elongated nearly twice as much as virgin 
HDPE reinforced with 10 wt.% FG fibers. 
ANOV A determined that the type of HDPE is significant on the 
elongation of the composites. The trend of the percent elongation of the recycled 
HDPE composites was very similar to the virgin HDPE composites, although the 
recycled HDPE composites were more ductile. 
4.5 Effect of Fiber Type on the Mechanical Properties 
Two different fiber types, Owens Corning chopped ( OCc) fibers and Fibre 
Glast (FG) fibers, were compared. Each of these fiber types was added to 
recycled HDPE with amounts of 0, 5, 10, and 20 wt.%. First, the FG fibers had a 
larger aspect ratio (610:1) than the OCc fibers (345:1). Secondly, the FG fibers 
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would attract themselves to other fibers and also the hopper of the injection 
molding machine. OCc fibers were noted as grouping together but was less severe 
than the FG fibers. In addition, the OCc fibers were stiff er to the touch than the 
FG fibers. 
4.5.1 Effect of fiber type on tensile strength 
Figure 4 displays the tensile strength data for recycled HDPE reinforced 
with FG or OCc fibers. The reinforcement of 5 wt.% for both fiber types 
decreased the tensile strength compared to the specimens without reinforcement. 
The addition of 10 and 20 wt.% of OCc reinforcement improved the tensile 
strength. Little or no improvement in tensile strength was observed in the 
material reinforced with FG fibers. OCc fibers produced a definite improvement 
in tensile strength. The composites reinforced with 20 wt.% OCc fibers increased 
the tensile strength by 31.73 %. The tensile strength of the HDPE reinforced 
with 20 wt.% OCc fibers was superior to FG fibers by 29.80 %. Fiber 
concentration seemed to affect the OCc fiber composites greatly, whereas the FG 
fibers composites increased the tensile strength only minutely with an increase in 
fibers. 
ANOVA determined that the different fiber types had a significant effect 
on the tensile strength. OCc fibers had a better distribution characteristic in that 
the fibers tended to be easier to separate than the FG fibers. The better 
separation led to a more uniform fiber dispersion in the HDPE matrix. 
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Consequently, the recycled HDPE composites exhibited a higher tensile strength 
with OCc fibers than FG fibers. 
4.5.2 Effect of fiber type on percent eloni:ation 
Figure 5 presents the elongation of recycled HDPE reinforced with FG or 
OCc fibers. The percent elongation of the specimens containing 10 and 20 wt.% 
OCc fibers was less than the elongation of the specimens reinforced with 10 and 
20 wt.% FG fibers. The information displays a trend showing that the amount of 
reinforcement, for both fiber types, inversely affects the percent elongation of the 
specimens. 
ANOV A determined that the difference in fiber types had a significant 
effect on the elongation. Composites incorporating OCc fibers were less ductile 
than the FG fiber composites, that elongated more before fracturing. The fact 
OCc fibers distributed more evenly than the FG fibers may have caused the 
composites incorporating OCc fibers to elongate less than the composites with FG 
fibers. 
4.5.3 Effect of fiber type on hardness 
Figure 6 shows the hardness of recycled HDPE reinforced with FG or OCc 
fibers. The hardness of recycled HDPE reinforced by FG fibers seemed slightly 
higher than that reinforced with OCc fibers. However, ANOV A determined that 
the difference in hardness caused by fiber types was not significant. 
4.6 Effects of Fiber Size on the Mechanical Properties 
Owens Corning chopped ( OCc) fibers were compared to Owens Corning 
milled ( OCm) fibers in terms of their effects on mechanical properties of the 
composites. The aspect ratio of the OCc fibers was measured as 345:1, whereas 
the aspect ratio of the OCm fibers was measured as 47.9:1. 
4.6.1 Effect of fiber size on tensile stren2f h 
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Figure 7 shows a graphical representation of the tensile strength of 
recycled high density polyethylene (HDPE) reinforced with OCc fibers and 
recycled HDPE reinforced with OCm fibers. The addition of 20 wt.% OCc fibers 
improved the tensile strength by 31. 7 %, while adding 20 wt.% OCm fibers 
decreased the tensile strength by 21.4 %. 
ANOV A was performed on the tensile strength data and the effect of fiber 
size was determined to be significant. Several factors may have contributed to the 
differences in strength of composites with different fiber sizes. First, differences 
in the surface of the fibers could have influenced bonding between fiber and the 
matrix. For example, an adhesive may have been added to the surface of one 
fiber type for enhancement of matrix-to-fiber bond. Glass fibers 
are "often treated with a "size" at the time of forming, ... in order to prevent 
damage during handling, and to provide strand integrity" (Plueddemann, 1982). 
The OCm fibers have more untreated surface area than the OCc fibers. Second, 
the OCm fibers may have not reached a sufficient length as necessary for effective 
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Figure 7. Variation of tensile strength with fiber percentage for recycled 
HDPE composites of different fiber length. 
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load-bearing. Similar results have been noted by Folkes (1982). 
The OCc fiber composites outperformed the shorter fibers (OCm) by a 
distinct margin. The difference between 20 wt.% OCc fiber composites. and 
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20 wt.% OCm fiber composites was as much as 40 % increase in tensile strength 
in favor of the OCc composites. 
4.6.2 Effect of fiber size on percent elon2ation 
Figure 8 displays the percent elongations of recycled HDPE reinforced 
with OCc fibers and recycled HDPE reinforced with OCm fibers. The recycled 
HDPE reinforced with 20 wt.% OCc fibers did not elongate as much as the 
recycled HDPE composites reinforced with 20 wt.% OCm fibers. ANOV A 
determined the effects of fiber size on percent elongation was significant. 
4.6.3 Effect of fiber size on hardness 
Table 3 presents the data obtained for the Shore D Durometer hardness 
tests of specimens of recycled HDPE reinforced with OCc fibers and recycled 
HDPE reinforced with OCm fibers. 
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Figure 8. Variation of percent elongation with fiber percentage for 
recycled HDPE composites of different fiber length. 
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Table 3. Hardness of composites of recycled HDPE reinforced with fibers 
of different size. 
Specimen ID Shore D Durometer 
Hardness 
R1-F-O 61.79 
Ri-F(OCc)-20 64.90 
R1-F(OCm)-20 65.32 
The hardness of the composites was not largely dependent upon the size of 
fiber used. For both fiber sizes the addition of 20 wt.% fibers increased the Shore 
D hardness by approximately 5 %. ANOV A determined that the fiber size did 
not have significant effect on the hardness. 
4.7 Effect of Fiber Treatment on Mechanical Properties 
Experimentation with the treatment of Owens Corning chopped ( OCc) 
fibers prior to processing was conducted. Two different types of fiber treatment 
were examined. First, OCc fibers were dried at 80 ° C (176 ° F) for 10 hours 
(noted as D). The second treatment was to soak the fibers in acetone for one 
hour and then dried in an oven at 80 °C (176 °F) for 10 hours (noted as S&D). 
OCc fibers of 10 wt.% were treated by each treatment type and then added to 
recycled high density polyethylene (HDPE). Table 4 shows the results of the 
physical tests. 
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Table 4. Mechanical properties of composites of recycled HDPE reinforced 
with treated and untreated OCc fibers. 
Specimen ID Tensile Strength Percent Shore D 
(MPa) Elongation Durometer 
(%) Hardness 
Ri-F(OCc)-10 35.07 28.97 61.79 
R1-F(OCc-D)-10 26.23 24.87 62.07 
R1-F( OCc-S&D )-10 32.00 11.73 65.23 
4.7.1 Effect of fiber treatment on tensile stren~h 
There was an apparent decrease in tensile strength from OCc fiber drying 
treatment. The fibers that were both soaked and dried fared better than the 
dried only fibers. The tensile strength decrease may be attributed to the removal 
of an added "size" to the fibers resulting in a decrease in interfacial bonding 
between the fiber and matrix. ANOV A determined that the effect of fiber 
treatment was significant on the tensile strength. As a result of the fiber 
treatment a decrease in tensile strength was observed for both fiber treatment 
types (D and S&D). 
4.7.2 Effect of fiber treatment on percent elongation 
From Table 4, the untreated specimens elongated more than the dried 
fibers. Furthermore, the fibers that were soaked and dried elongated least of all. 
However, the test data for the percent elongations of this group was determined 
to be not significant by ANOV A. 
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4.7.3 Effect of fiber treatment on hardness 
The hardness of these specimens increased for the fibers that were dried 
compared to the untreated fiber composites. The soaked and dried OCc fiber 
composites experienced a further increase in hardness. ANOV A determined that 
fiber treatment had a significant effect on the hardness of the composites. 
4.8 Effect of Dryin&: HDPE on Mechanical Properties 
Drying the HDPE, prior to processing the composites was conducted 
assuming that the removal of any water, that may prevent effective interfacial 
adhesion, would improve the properties of the composite. The HDPE pellets 
were dried overnight at 65.6 ·c (150 °F). Immediately after drying, the HDPE 
was carefully mixed with 10 wt.% Owens Corning chopped (OCc) fibers and 
processed under the same condition. See Table 5 for the results of the 
mechanical tests. 
Table 5. Mechanical properties of composites of dried and undried 
recycled HDPE reinforced with OCc fibers. 
Specimen ID Tensile Strength Percent Shore D 
(MPa) Elongation Durometer 
(%) Hardness 
Ri-F(OCc)-10 35.07 28.97 66.59 
R1(D)-F(OCc)-10 31.30 10.84 67.08 
From Table 5, the drying of recycled HDPE prior to processing decreased 
the tensile strength and percent elongation. However, it was determined by 
ANOV A that the effect of drying on tensile strength and percent elongation was 
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not significant. No significant change in Durometer hardness was observed due to 
drying recycled HDPE. Therefore, it is concluded that the drying of recycled 
HDPE prior to processing does not offer any significant improvement on the 
mechanical properties. 
4.9 Effect of Fusabond on Mechanical Properties 
To study the effect of coupling agent on the mechanical properties, 
Fusabond was added to the recycled HDPE composites. The percentage of 
Fusabond studied was up to 6 wt.%. 
4.9.1 Effect of Fusabond on tensile strenl:(h 
Figure 9 displays the tensile strength of recycled HDPE reinforced with 
either 10 wt.% OCc, 10 wt.% OCm, or 20 wt.% OCm fibers with various 
concentrations of Fusabond. The OCc fibers demonstrated that no increase in 
tensile strength was accomplished from adding Fusabond. OCm fibers (10 wt.%) 
composites had a slight increase in tensile strength as the Fusabond concentration 
increased. OCm fibers (20 wt.%) composites did not realize an increase from 
Fusabond at the tested concentration of 5 wt.%. 
Two possible explanations may contribute to the decrease in mechanical 
strength as a result of adding Fusabond. First, the mixing technique used for 
mixing the Fusabond and HDPE may not be effective. The Fusabond was 
obtained in the pellet form and little mixing was incorporated during processing, 
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Figure 9. Variation of tensile strength with Fusabond concentrations for 
recycled HDPE composites. 
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therefore the Fusabond was not homogeneously distributed throughout the 
specimen. Perhaps the pellets of Fusabond (LDPE) weakened the specimen. 
Second, the matrix of Fusabond is low density polyethylene (LDPE) that has a 
lower tensile strength than HDPE. Using the rule of mixture, the tensile strength 
of composite matrix with 4 wt.% Fusabond can be compared with that without 
Fusabond. 
oLDPE = 11.73 MPa 
o HDPE = 28.635 MPa 
O = OHDPE X %HDPE + OLDPE X %LDPE 
a 1 = tensile strength of composites without Fusabond 
o2 = tensile strength of composites with 4 % Fusabond 
a 1 = 28.635 MPa 
o2 = 28.635 MPa x 96 % + 11.73 MPa x 4 % = 27.959 MPa 
It can be concluded that the addition of Fusabond (LDPE) could have 
lowered the strength by 2.36 %. The experimental results suggested that the 
addition of Fusabond decreased the tensile strength by 10.8 %. Perhaps a 
combination of both possible factors, influenced the tensile strength. ANOV A 
was performed on the tensile strength data and determined that Fusabond had a 
significant effect on the tensile strength. In other words, Fusabond generally 
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reduced the tensile strength of the composites tested. 
4.9.2 Effect of Fusabond on percent eJon2ation 
Figure 10 exhibits the percent elongation of recycled HDPE reinforced 
with either 10 wt.% OCc, 10 wt.% OCm, or 20 wt.% OCm fibers with various 
concentrations of Fusabond. Specimens with Fusabond elongated less than the 
specimens without Fusabond except for the composite with 10 wt.% OCm fibers 
and 4 wt.% Fusabond. ANOV A determined that the presence of Fusabond had a 
significant effect on the elongation of the composites. Therefore, the Fusabond 
decreased the percent elongation of the recycled HDPE composites making the 
composite less ductile. 
4.9.3 Effect of Fusabond on hardness 
The hardness was also tested for both types of short glass fibers and at 
various percentages of Fusabond coupling agent. Figure 11 shows the hardness of 
recycled HDPE reinforced with either 10 wt.% OCc, 10 wt.% OCm, or 20 wt.% 
OCm fibers with various concentrations of Fusabond. The composites reinforced 
with 10 wt.% OCc fibers experienced a slight increase in hardness as Fusabond 
was added. Recycled HDPE reinforced with 10 wt.% OCm fibers experienced a 
decrease in hardness as 4 wt.% Fusabond was added. The addition of Fusabond 
to the composites reinforced with 20 wt.% OCm fibers increased the hardness. 
ANOV A determined that Fusabond had a significant effect on the 
-::.e l?..... 
r:: 
0 
~ 
C> 
r:: 
0 jjj 
-
r:: 
(J) 
~ (J) 
a.. 
47 
300 0 Recycled-OCc-1 O 
--a - Recycled-OCm-1 O 
250 -~ - Recycled-OCm-20 ~ 
200 \ 
150 \ 
100 b 
50 ~--
- - -
0 
-1 0 1 2 3 4 5 6 7 
Fusabond Concentration (%) 
Figure 10. Variation of percent elongation with Fusabond concentrations 
for recycled HDPE composites 
.... 
Q) 
05 
E 
e 
::l 
0 
70 
o Recycled-OCc-1 o 
-a - Recycled-OCm-1 O 
68 - ~ - Recycled-OCm-20 
66 
0 0 
0 
64 
- ~--
---
---62 
---
8 C2--
---o 
60 
-1 0 1 2 3 4 5 6 7 
Fusabond Concentration (%) 
Figure 11. Variation of Shore D Durometer hardness with Fusabond 
concentrations for recycled HDPE composites. 
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hardness of the composites. The Fusabond was obtained in pellet form and little 
mixing was incorporated during processing, therefore perhaps the Fusabond was 
not homogeneously distributed throughout the specimen. This possible 
explanation might explain why non-uniform hardness values were obtained from 
the tests. Furthermore, the Fusabond has a LDPE matrix that contributes to the 
lower hardness observed for the composites. 
4.10 Effects of LICA 38 and NZ 44 Couplini: Ai:ents on Mechanical Properties 
LICA 38 and NZ 44 (liquid in form), coupling agents manufactured by 
Kenrich Petrochemicals, Inc. were used to test the improvement of the physical 
properties of fiber reinforced recycled HDPE composites. LICA 38 and NZ 44 
were added to recycled HDPE reinforced by 10 wt.% Owens Corning chopped 
(OCc) fibers to study the effects of these products. Table 6 shows the results 
from the mechanical tests. 
Table 6. Mechanical properties of composites of recycled HDPE reinforced 
with OCc fibers and LICA 38 or NZ 44 coupling agent. 
Specimen ID Tensile Percent Shore D 
Strength Elongation Durometer 
(MPa) (%) Hardness 
R2-F(OCc)-10 28.63 10.58 66.24 
R2-F(OCc)-10+ .4%LICA38 30.50 18.37 65.18 
R2-F(OCc)-10+ .5%NZ44 26.77 17.07 65.89 
R2-F(OCc)-10+ 1.8%NZ44 24.73 11.19 64.89 
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The tensile strength of recycled HDPE reinforced with 10 wt.% OCc 
increased from 28.63 to 30.50 MPa with the addition of .4 wt.% LICA 38. 
Conversely, the addition of NZ 44 to recycled HDPE reinforced with 10 wt.% 
OCc decreased the tensile strength as the concentration of NZ 44 increased. 
ANOV A determined that LICA 38 did not have a significant effect on the tensile 
strength, but ANOVA did determine that the presence of NZ 44 had a significant 
effect on the tensile strength. It is concluded that the additions of either coupling 
agent did not improve the tensile strength significantly. 
The percent elongation increased for the composite of recycled HDPE 
reinforced with 10 wt.% OCc fibers and .4 wt.% LICA 38 by nearly twice that of 
the identical composite without LICA 38. The elongation of recycled HDPE 
reinforced with 10 wt.% OCc fibers, increased when .5 wt.% and 1.8 wt.% NZ 44 
were added. The elongation for the composites with .5 wt.% NZ 44 peaked, and 
then decreased when the concentration was increased to 1.8 wt.% NZ 44. 
ANOV A determined that the effect of LICA 38 was significant on the 
elongation of the specimens. NZ 44 was determined by ANOV A not to have a 
significant effect on the percent elongation. That is, the addition of LICA 38 
increased the ductility of the composites. 
As seen in Table 6, the hardness did not experience a large change due to 
the addition of LICA 38 or NZ 44. ANOV A determined that the effect of LICA 
38 and NZ 44 coupling agents on the hardness was not significant. 
L 
CHAPTERV 
CONCLUSIONS 
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This study investigated the mechanical properties of recycled high density 
polyethylene (HDPE) reinforced with short glass fibers formed by an injection 
molding process. The mechanical properties of recycled HDPE were compared to 
those of virgin HDPE. Fibers varying in type, size, and concentration were 
investigated. Three coupling agents were used to study the feasibility of 
improving the mechanical properties. 
The effect of fiber concentration on tensile strength were dependent upon 
matrix and fiber types. Nonetheless, the addition of fiber reinforcement improved 
the tensile strength of both virgin HDPE reinforced with Fibre Glast (FG) fibers 
and recycled HDPE reinforced with Owens Corning chopped (OCc) fibers at 
certain fiber concentrations. The trends in percent elongation implied that the 
elongation or ductility of the composite decreased, for both matrix types and fiber 
types, as the fiber concentration increased. Hardness tests seemed to demonstrate 
a basic trend that an increase in fiber content generally increases the hardness. 
OCc fibers were effective reinforcements for recycled HDPE. 
Recycled HDPE reinforced with various concentrations of Fibre Glast 
(FG) fibers exhibited a different trend in tensile strength than the virgin HDPE 
counterpart. The virgin HDPE reinforced with FG fibers generally had superior 
mechanical properties compared to the recycled HDPE composites. The trend of 
the percent elongation of the recycled HDPE composites was very similar to the 
virgin HDPE composites, although the recycled HDPE was more ductile. The 
hardness of the virgin HDPE was higher than that of the recycled HDPE. The 
HDPE type (virgin or recycled) was an important factor for the mechanical 
properties of the composites. The fact confirms the need of improving material 
properties of recycled HDPE. 
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Two fiber types were investigated. The recycled HDPE composites with 
OCc fibers outperformed the composites with FG fibers for the tensile strength, 
but elongated less. The differences in hardness of the composites with both fiber 
types were not significant. Ocular inspection supports the theory that better 
distribution of the OCc fibers may have led to better mechanical properties. 
The OCc fiber composites outperformed the shorter Owens Corning milled 
(OCm) fibers by a distinct margin. The tensile strength of 20 wt.% OCc fiber 
composites was as much as 40 % higher than that of 20 wt.% OCm fiber 
composites. Recycled HDPE composites with OCc fibers did not elongate as 
much as the composites reinforced with the shorter OCm fibers. The hardness of 
the composites with different fiber sizes were not significantly different. 
As a result of the fiber treatment performed in these tests a decrease in 
tensile strength was observed for both fiber treatment types (dried (D), and 
soaked and dried (S&D)). Both fiber treatment methods resulted in a hardness 
increase in the composites. 
An investigation of drying the recycled HDPE prior to processing was 
conducted. The data appeared to conclude that drying the resin did not off er any 
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significant improvement on the tensile strength, percent elongation, or hardness of 
the composites. 
The effects of coupling agents on recycled HDPE composites were studied. 
Fusabond generally reduced the tensile strength and hardness of the composites. 
The elongation of composites with Fusabond was less than that of composites 
without Fusabond. The coupling agents LICA 38 and NZ 44 did not offer any 
significant improvement on the tensile strength while LICA 38 increased the 
ductility of the recycled HDPE composites. The Shore D Durometer hardness did 
not experience any significant change due to the addition of LICA 38 or NZ 44. 
L 
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